Abstract The laser cladding of AA7075 powder onto a AA7075 substrate was conducted to evaluate the effect of heat treatment and to measure residual stress between the clad layer and substrate to better understand the effect of laser cladding. The microstructure formed in the clad region was characteristic of a high cooling rate, which is typical for laser cladding. The heat-affected zone (HAZ) showed coarser precipitates when compared with the substrate and was attributed to the heating from the laser. A solution heat treatment followed by aging was employed to restore the strength in the HAZ. Nanohardness traverses of the clad and substrate was performed and it was shown the hardness in the 7075 clad layer was lower than the substrate both pre-and post-heat treatment and was attributed to the vaporization of zinc and magnesium. Neutron diffraction was employed to measure the residual stress both before and after heat treatment. The residual stresses formed in the clad layer were tensile and about 50 MPa in magnitude; heat treatment increased the stress level to approximately 100 MPa.
Introduction
Today, the cost of ownership of complex machines is often as much as their purchase price and methods to reduce this cost are becoming attractive to organizations operating them. Repair of components worn or corroded during the machine life, instead of replacement, offers the potential for significant cost savings, particularly on components that involve relatively complex processes for their manufacture. Laser cladding is a deposition technology that is finding applications as a repair technology for a range of components such as jet engines, both titanium [1] and nickelbased superalloys [2] , the repair of dies [3] and steam turbine blades [4] . The laser cladding repair of high strength aluminum alloy-based components, however, is an area that has received limited attention considering the range of components manufactured from these alloys employed on current and planned for next generation military aircraft.
Laser cladding is a process wherein a high power laser is used to melt a small region on a metallic substrate into which either a powder or wire is fed to build up a new layer. The composition of the powder can be the same as the substrate to rebuild a surface, or of a different composition to enhance the surface properties of a component. Typically, wear-resistant coatings [5] or corrosion-resistant coatings [6] are clad to enhance the surface characteristics. The process is complicated due to the interaction of many variables [7] including the laser power setting, the traversing speed, the amount of powder or wire being fed into the melt pool and the overlap distance between clad tracks.
The laser cladding of aluminum alloys with aluminum powder [8] [9] [10] [11] [12] has shown that there are several processing difficulties. These include liquation cracking, hydrogenbased porosity, high reflectivity of the laser radiation, and a high thermal diffusivity, which result in large laser power levels during processing and difficulty in controlling dilution and the size of the heat-affected zone (HAZ). While these issues can be overcome with close control over cladding parameters and preparation of the powder and substrate prior to cladding the mechanical properties of laser clad aluminum alloys are relatively unknown. A repair technique not only has to restore the dimension of the component but also the new layer needs to meet the original specification of the component. This includes mechanical properties and fatigue life for many components and the influence of residual stress. Therefore, an evaluation of the microstructure produced and its mechanical properties is required, including the measurement of residual stress for fatigue applications. The microstructural effect and mechanical properties of laser clad AA7075 alloys is not well documented.
This article evaluates the mechanical properties and residual stresses after laser cladding AA7075 aluminum alloy powder onto AA7075 substrate. Solution heat treatment and aging after laser cladding were investigated to understand their influence on both the mechanical properties and the residual stress state. This information will be used in the development of a repair technique for 7075 aluminum alloys.
Experimental
Laser cladding was performed with a 2.5 kW Nd:YAG laser. The laser was delivered with a 0.6-mm-diameter step index optical glass fiber terminated with collimating and focussing lenses of 200 mm focal length positioned to produce a Gaussian laser spot size of 3 mm. The powder was delivered with a side injecting nozzle positioned perpendicular to the laser beam movement and in line with the laser spot. A schematic of the process is shown in Fig. 1 . An aluminum 7075-T6 plate, 300 9 300 mm by 6.25 mm thick was used as the substrate. The surface was grit blasted just prior to cladding to remove surface oxides and other forms of contamination. The clad layer was formed by a raster of 30 mm with a 0.3-mm inter-track spacing. The raster was complete after 30 mm length of clad layer was formed. This was repeated for three successive layers to produce a clad of 3 mm. The AA7075 powder had a particle size ranging between 50 and 100 lm. Laser cladding was conducted at a traversing speed 32 mm/s and incident power of 2,500 W on the work piece. The powder feed rate was 7 g/min and argon was used as the shielding gas. These parameters were the result of successive trials of various traversing speeds and laser powers.
From the length of clad track, samples were cut parallel to the individual track direction for heat treatment. The heat treatment conducted was a solution heat treatment for 1.5 h at 490°C, followed by quenching in water and aging at 121°C for 24 h. Samples of the as-clad-and as-heattreated specimens were prepared for analysis via standard metallographic polishing to colloidal silica. Scanning electron microscopy (SEM) was performed on a field emission microscope to qualitatively evaluate the precipitate size of pre-and post-heat treatment. Energy dispersive X-ray spectroscopy (EDS) was also conducted to analyze the composition of the second phase particles present in the microstructures. The samples were then etched using Keller's reagent and viewed under a light microscope. Nanoindentation hardness with a Berkovich indenter was measured along the clad layer, for both as-clad-and as-heat-treated samples.
To better understand the severity of the laser processing on the final stress state, the residual stress was measured using neutron diffraction analysis. A monochromatic neutron beam with k = 1.727 Å and diffraction from Al{311} reflections were used for the strain analysis of the samples. The combination of aluminum {311} lattice spacing (d 311 * 1.36 Å ) and the wavelength resulted in a scattering angle of 90°, providing the best spatial resolution and the instrument configuration to be close to optimal in regard to the beam intensity. For the neutron strain measurements, a sampling volume with nominal size of 0.4 9 0.4 9 18 mm 3 was used. This spatial resolution was sufficient to perform through thickness scans at *20 different depths at the same time, providing good accuracy of strain measurements of 60-70 lstrains that resulted in a stress accuracy of *5 MPa. Neutron diffraction data was collected for three perpendicular directions (two perpendicular in-plane direction and one normal), enabling to resolution of in-plane stresses and the unstrained lattice parameter d 0 . To calculate stresses from strains, Hook's law was used with elastic constants E{311} = 71.3 GPa and m{311} = 0.354. The frame of the sample, which could not be measured, is expected to be in compression and thus provides the stress balance for the sample.
Results Figure 2 shows that in the as-clad and heat-treated state, the microstructure in the clad layer consists of predominantly equiaxed grains. SEM images of the clad layers, Fig. 3 , show that the AA7075 clad layer had a uniform distribution of second phase particles; heat treatment reduced the number of particles present. EDS was performed on the particles in the as-clad and heat-treated states, Fig. 4 . From these spectra, it is apparent that in the as-clad layer there is a high content of copper, magnesium, and zinc, which is consistent with g phase. Following heat treatment, iron was detected, indicating that the insoluble constituent phase Al 7 Cu 2 Fe has formed [13] .
The HAZ that formed as a result of laser cladding process is shown in Fig. 5 for both pre-and post-heat treatment samples. It is apparent that fine precipitates are present in this zone due to the cladding process; after heat treatment, these precipitates are not visible in the SEM images. The g 0 phase that forms after heat treatment is usually imaged with transmission electron microscopy; their size makes them unresolvable in the SEM. However, these images illustrate that precipitate size is increasing due to the laser cladding and is then reduced during the heat treatment process.
Nanoindentation hardness was measured to evaluate the change in mechanical properties through the section of the clad in the as-clad and as-heat-treated conditions, see Fig. 6 . Nanoindentation hardness was selected over microhardness due to its higher spatial resolution, which was required to identify the change in mechanical properties within the HAZ. From this data, it is apparent that the heat treatment increases the strength of both the clad layer and the substrate. It was observed that the hardness in the clad layer for 7075 is lower than the hardness in the substrate. To better understand this result, the composition of the clad layer, the substrate and the powder used for the cladding were analyzed, Table 1 . The concentration of zinc and magnesium in the cladding layer is lower than the concentration in both the substrate and the powder. It should also be noted that the iron level in the powder is higher than the substrate; these results will be discussed further in a subsequent section.
Critical to the accuracy of the neutron diffraction measurement of the residual stress is the value used for the unstrained lattice parameter (d 0 ). It is well known in the literature that the precipitation state has an influence on the unstrained lattice parameter [14] [15] [16] . The variation in the unstrained lattice parameter as a function of position for the as-clad sample is shown in Fig. 7 .
The residual stresses that formed in the clad layer, measured both before and after heat treatment, are shown in Fig. 8 . The stress levels in the as-clad samples are low in both orientations. In the orientation parallel to the track direction, there is a small variation in the residual stresses. The clad layer shows a low level of a compressive stress, which moves to a slight tensile stress at the interface. It then decreases and rises again further into the substrate. The range of stress is only 50 MPa. After heat treatment, the samples show an increase in the tensile stress to 100 MPa where the center is in tension and the outer regions are in compression, which is characteristic of a quenching stress [17] . Due to the thickness of the clad layer being much smaller that the width of the sample, the stress normal to the clad layer is assumed to be zero and as such the sin 2 w was employed to calculate the d 0 spacing.
Discussion of Results
The microstructure of the AA7075 clad region in the as-clad condition shows an equiaxed microstructure with large g phase particles (Fig. 1) . After the heat treatment, there exist a number of fine particles, which have measurable iron contents. This phase is the insoluble Al 7 Cu 2 Fe. The iron content of the powder (Table 1 ) is higher than that of the substrate, which results in an increase in the iron content of the clad layer and the increased number of precipitates in the heat-treated condition compared with the substrate. The composition of the clad and substrate also shows that the zinc and magnesium content has decreased. When considering that these two elements have a low vaporization point, it is reasonable to assume that the reduction in the concentration of these alloying elements in the clad layer is due to vaporization. This reduction in the alloying elements reduces the volume of the g 0 strengthening phase during the aging treatment and is responsible for the lower hardness in the clad region [11] . The increase in strength brought about by the heat treatment can be explained by the coarser particles in the clad and HAZ being dissolved and then re-precipitated as a finer more dispersed g 0 phase. The lattice parameter in the clad layer (right of the interface, Fig. 7 ) is smaller than that of the substrate. Considering that if both Zn and Mg are in solution, the lattice parameter will increase; the low value of the lattice spacing suggests that the clad layer is in the over-aged state. Close to the interface, the lattice parameter increases. Given that this alloy naturally ages, and that the measurement of the samples was performed 3 months after producing the samples; the increase in lattice parameter is likely due to the formation of the g 0 phase [16] . The lattice parameter value decreases at approximately 2 mm beyond the interface.
The effect of heat treatment on the precipitation state is complicated. Dumont et al. explained the effect of heat using Nicolas and Deschamps theory [18] , where the heat from the laser causes the small particles to go into solution first due to their smaller dissolution time; the larger particles require longer times, and hence there is no change in the mean size of precipitates after the cladding has finished. The time spent at temperature is too short for coarsening of precipitates. However, during natural aging, the remaining precipitates coarsen, causing the lattice parameter to decrease, hence the lower values observed in the substrate.
At the time of processing, the alloying elements within the clad region will be in solution and the HAZ will also have significant amount of Zn and Mg in solution [17] , and therefore the material is quite soft. Coupled with the elevated temperatures, the material would have a yield strength that is low and therefore instead of retaining the stresses that form, plastic deformation occurs [19] . This is supported by the fact that the hardness after cladding is lower that the hardness after heat treatment. Linton and Ripley [16] have shown that natural age hardening in friction stir welds of AA7075 results in a decrease in the residual stress measured. Therefore, the final stress state of a majority of the HAZ and clad layer is low level tensile, which in part can be attributed to the natural aging process. The formation of residuals stress due to laser cladding is mainly due to the thermal profile created by laser heating the substrate during processing [20] . The thermal profile generates stress by the colder areas constraining the hotter areas. As aluminum does not undergo a phase transformation during cooling, the thermal profile makes the main contribution to the residual stress levels formed. After heat treatment, the residual stress profile shows compression at the surface and tension in the center. This is characteristic of a quenching stress where the surface cools faster than interior of the sample. Therefore, it is the quench associated with the solution heat treatment stage of the heat treatment that is responsible for the increase in stress after the heat treatment. The fact that this stress is higher than the laser clad residual stress profile was due to the conditions of the quench. After laser cladding, the samples were cut out from the 7075 plate which reduced their thermal mass. After the solution treatment, the samples were quenched in room temperature water, which when coupled with the small thermal mass, resulted in a fast quenching rate. It has been shown that the quenching rate significantly influences the residual stress formed [21] , with larger tensile stresses resulting from higher quenching rates in aluminum alloys. Therefore, the high quenching rate of the solution heat treatment is responsible for the increase in tensile residuals stress. The residual stress formed in the laser clad layer is larger than that of the substrate, Fig. 8 , which confirms that the quenching stage of the heat treatment is responsible for the increase in residual stress after heat treatment. Unfortunately, this cannot be avoided as this step is critical to the following aging heat treatment, which restores the strength in the HAZ. Typical stress relief heat treatments lower residual stresses; however, they are typically conducted at low homologous temperatures and do not involve quenching after heating [22] .
Conclusion
The microstructure in the clad zone was non-equilibrium and was attributed to the high cooling rates of the process. Post cladding heat treatment restored the strength in the HAZ and for the 7075 alloy in the clad layer. The hardness in the clad layer for 7075 clad was lower that the substrate; this was attributed to the vaporization of the zinc and magnesium during processing. The residual stress in the asclad condition was low and attributed to the softening of the alloy during processing. The heat treatment resulted in an increase in the residual stress with a profile characteristic of a quenching stress and was attributed to quench in the solution heat treatment.
